Introduction
============

Colon cancer is the only cancer that occurs in men and women with approximately equal frequencies ([@b1-ol-0-0-5639]). The actual incidence rate of colon cancer was \~71,830 men and 65,000 women in the US population during 2014. That is 1 in 21 (4.7%) for men and 1 in 23 (4.4%) for women ([@b2-ol-0-0-5639]). Furthermore, colon cancer is the second most common cause of cancer-associated mortality in human populations ([@b1-ol-0-0-5639]). Due to this, it is essential to improve and discover novel colon cancer therapies by understanding the molecular mechanisms that underlie the cancer. In addition, the mortality rate due to colorectal cancer has changed over the past 50 years ([@b3-ol-0-0-5639],[@b4-ol-0-0-5639]). Colorectal cancer mortality rates decreased by \~2% per year during the 1990s, and by \~3% per year over the past decade ([@b2-ol-0-0-5639]). The reason for this reduction in colorectal cancer mortality rates is due to the use of standard screening and treatments in all populations ([@b2-ol-0-0-5639]). Transforming growth factor (TGF)β signaling has the ability to inhibit the proliferation of colonic epithelium cells ([@b5-ol-0-0-5639],[@b6-ol-0-0-5639]). TGFβ signaling is mediated by the Smad family of intracellular proteins ([@b7-ol-0-0-5639]), namely Smad2, Smad3 and Smad4, which transduce the appropriate signals. Cyclooxygenase-2 (COX-2) is overexpressed in the majority of human colon cancer cases ([@b8-ol-0-0-5639],[@b9-ol-0-0-5639]). COX-2 converts arachidonic acid to prostaglandins and associated eicosanoids, and induces inflammation and cell proliferation ([@b8-ol-0-0-5639],[@b10-ol-0-0-5639]). Due to the significance of Smad3 and COX-2 in colorectal cancer, the present study was designed to investigate the role of COX-2 in Smad3 mutant mice, which are known to develop colon cancer.

Materials and methods
=====================

### Generation of Smad3 (−/−) mutant mice

The use of animals in the present study was approved by the Institutional Animal Care and Ethical Committee, which was formed for the purpose of the present study. Homozygous Smad3 (−/−) mutant mice were generated from the inbred and hybrid Smad3 mouse strains by intercrossing the appropriate heterozygotes obtained from the Department of Colorectal Cancer Surgery (Zhejiang Cancer Hospital, Zhejiang, China) ([@b4-ol-0-0-5639]). Normal mice obtaiend from the Department of Colorectal Cancer Surgery (Zhejiang Cancer Hospital) were used as a control. Animals were housed in filter-top metal cages and maintained in a 12/12 h light/dark cycle, as previously described ([@b11-ol-0-0-5639]). Mice were house at 20--22°C, in a humidity of 50--60%. Water and food were available *ad libitum* and the mice were handled according to international ethical regulations ([@b12-ol-0-0-5639]). Female mice aged 22 weeks were used in the present experiments, with an average weight of 10--14 g. The animals were observed twice a day and subjected to weighing once a week. In the present study, 12 homozygous Smad3 (−/−) and 6 control mice were used.

### Whole mount in situ hybridization

Homozygous Smad3 (−/−) E11.5 embryos were dissected out of 24-week-old female mutant mice as previously described ([@b13-ol-0-0-5639]), fixed for 30 min at room temperature in 4% paraformaldehyde in phosphate-buffered saline (PBS), washed twice with PBS, and incubated in X-gal staining solution (Sigma-Aldrich; EMD Millipore, Billerica, MA, USA) to determine the colonic expression pattern ([@b14-ol-0-0-5639]).

### Immunohistochemistry

A total of 6 normal (3 samples) and Smad3 (−/−) mutant mouse (3 samples) samples were collected, formalin-fixed and paraffin-embedded using standard protocol ([@b15-ol-0-0-5639]). The 22-week-old mice were anesthetized with pentobarbital sodium (60 mg/kg, intraperitoneally; Sigma-Aldrich; EMD Millipore) prior to surgery. Tissue sections (7 µm) were deparaffinized (with xylene; Sigma-Aldrich; EMD Millipore) and hydrated (with ethanol; Sigma-Aldrich; EMD Millipore). Antigens were retrieved by Tri-sodium citrate treatment (pH 6.0; Sigma-Aldrich; EMD Millipore). Endogenous peroxides and nonspecific immune staining were blocked by hydrogen peroxide and 10% fetal bovine serum (Sigma-Aldrich; EMD Millipore), respectively. The sections were subsequently incubated overnight at 4°C with primary anti-COX-2 antibody (polyclonal goat; dilution, 1:100; catalog no., SAB2500267; Sigma-Aldrich; EMD Millipore). Following incubation with primary antibody, tissue sections were washed with PBS and incubated with secondary antibodies conjugated to horseradish peroxidase (polyclonal rabbit anti-goat; dilution, 1:10,000; catalog no., ab6741; Abcam, Cambridge, MA, USA) for 1 h at room temperature. The washed slides were developed with 3,3′-diaminobenzidine substrate. The prepared slides were counterstained with Mayer\'s hematoxylin (Sigma-Aldrich; EMD Millipore), mounted with DPX and observed under a Nikon Ti-S fluorescence microscope at ×4 and ×20 magnification.

### Reverse transcription-polymerase chain reaction (RT-PCR) analysis

For RT-PCR analysis, RNA was isolated from the normal and Smad3 (−/−) mutant mice and stored at −70°C according to the manufacturer\'s protocol of the RNeasy Mini kit (Qiagen, Inc., Valencia, CA, USA) followed by treatment with DNase1 (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The quality and quantity of the RNA was analysed using a NanoDrop 2000 machine (Thermo Fisher Scientific, Inc.). Reverse transcription (RT) was performed using 0.5 µg total RNA as a template. A ThermoScript™ RT-PCR System for First-Strand cDNA Synthesis and Platinum^®^ Taq DNA Polymerase (both purchased from Thermo Fisher Scientific, Inc.) was used for the RT-PCR experiments according to the manufacturer\'s protocol. PCR was performed on 1/20 of the RT product using the following primers (Sigma-Aldrich; EMD Millipore): Smad3 forward, 5′-TTCACAGACCCATCAAACTCGGA-3′ and reverse, 5′-CACTATCACTTAGGCACTCAGCA-3′; P53 forward, 5′-ACAGGACCCTGTCACCGAGACC-3′ and reverse, 5′-GACCTCCGTCATGTGCTGTGAC-3′; COX-2 forward, 5′-CCCTTGGGTGTCAAAGGTAA-3′ and reverse, 5′-GCCCTCGCTTATGATCTGTC-3′; and β-actin forward, 5′-CTAAGGCCAACCGTGAAAAGA −3′ and reverse, 5′-CAGTAATCTCCTTCTGCATCC-3′. The cycles were run according to the manufacturer\'s protocol of the ThermoScript RT-PCR System for First-Strand cDNA Synthesis, and the PCR products were resolved on 2% agarose gels with ethidium bromide. The gels were observed and documented using a gel documentation unit (Gel Doc™ EZ System; Bio-Rad Laboratories, Inc., Hercules, CA, USA). All experiments were repeated three times.

Results
=======

### Smad3 mutant mice develop colorectal tumors

Homozygous mutant Smad3 mice were generated from the inbred and hybrid Smad3 mouse strains by intercrossing the appropriate heterozygotes. Based upon this protocol, 12 homozygous inbred 129/Sv mutant Smad3 mice were generated. The expression pattern of Smad3 in normal and homozygous mutant Smad3 (−/−) mice was identified by whole-mount *in situ* hybridization of embryos at day 11.5. The data is presented in [Fig. 1](#f1-ol-0-0-5639){ref-type="fig"}. Between 20 and 22 weeks, 100% (10/10) of inbred Smad3 mutants began to exhibit signs of colon cancer, including rectal prolapse, and dilated large and small bowels, leading to apparent distress and indicating evidence of tumor formation. This appeared to indicate that homozygous mutant Smad3 mice develop colon cancer.

### Overexpression of COX-2 in Smad3 mutant mice

Samples were prepared from normal and homozygous mutant Smad3 mice at the 22nd week for immunohistochemistry with COX-2 antibody as described in the Materials and Methods. The results of immunohistochemistry are presented in [Fig. 2](#f2-ol-0-0-5639){ref-type="fig"}. [Fig. 2B](#f2-ol-0-0-5639){ref-type="fig"} illustrates the overexpression pattern of COX-2 in homozygous mutant Smad3 mice. Positive staining in Smad3 mice was increased compared to the control, confirming the presence of overexpression of COX-2 in Smad3 mutant mice.

### RT-PCR analysis

RNA was isolated from the normal and homozygous mutant Smad3 mice at the 22nd week for RT-PCR analysis as described in the Materials and Methods. The overexpression pattern of COX-2 in Smad3 mutant mice was investigated. Agarose gels produced following RT-PCR are presented in [Fig. 3](#f3-ol-0-0-5639){ref-type="fig"}, which show the positive expression of P53 and COX-2 in homozygous mutant Smad3 mice.

Discussion
==========

Dissection of the molecular pathway underlying colon cancer is key to understanding the specific involvement of various proteins. Studying molecular alterations and clinical outcomes is important in cancer research ([@b16-ol-0-0-5639]--[@b22-ol-0-0-5639]). Homozygous mutant Smad3 mice were generated and began to develop colon cancer from the 20th to 22nd week. Based on the results of the present study, it was concluded that Smad3 was mutated and not expressed in the Smad3 (−/−) mutant mice. In addition, Smad3 expression was identified in various parts of the normal embryo, suggesting its importance. Smad3 is expressed in numerous developing tissues, with the highest levels observed in mesenchymal derivatives. In addition, Smad3 is expressed in the adult colon, with the highest levels observed in the muscularis propria and the submucosa, and lower levels in the epithelium. Thus, Smad3 is a widely expressed TGFβ signaling intermediate ([@b23-ol-0-0-5639]).

Immunohistochemistry with COX-2 antibody revealed overexpression in the homozygous Smad3 mutant mouse. By comparing immunohistochemical staining in the control and Smad3 samples, COX-2 overexpression was clearly observed, and low levels of expression of COX-2 were observed in the control sample. In addition, following the development of colon cancer in homozygous mutant Smad3 mice, COX-2 was overexpressed.

In order to validate the immunohistochemistry data, RT-PCR was performed. The results of RT-PCR led to the conclusion that COX-2 is overexpressed in homozygous mutant Smad3 mice. In addition, P53 was upregulated in the homozygous mutant Smad3 mice compared with the control. It has been previously reported that P53 is upregulated in cancer cells ([@b24-ol-0-0-5639]). In the present study, P53 was upregulated in the homozygous mutant Smad3 mice, appearing to demonstrate that these mice will go on to develop colon cancer. Furthermore, overexpression of COX-2 was also observed, therefore a link between P53 and COX-2 overexpression was inferred. Due to the results of the immunohistochemistry and RT-PCR analyses, it was concluded and validated that Smad3 mutant mice develop colon cancer with overexpression of COX-2.

The results of the present study indicate that a link may exist between Smad3 mutant mice, colon cancer and COX-2. In addition, an overexpression pattern of COX-2 in Smad3 mutant mice, which developed colon cancer, was identified. There is the potential that COX-2 may be a good marker for the diagnosis of colon cancer during early stages.
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![The expression pattern of Smad3 in normal and homozygous mutant Smad3 (−/−) mice was identified by whole-mount *in situ* hybridization of embryos at day 11.5 (A) Whole mount *in situ* hybridization of control E11.5 embryo taken from a healthy mouse. (B) Whole mount *in situ* hybridization of homozygous mutant Smad3 mouse E11.5 embryo. (C) Whole mount *in situ* hybridization of control colon taken from a healthy mouse. (D) Whole mount *in situ* hybridization of homozygous mutant Smad3 mouse colon. Representative images from three replicate experiments are presented here.](ol-13-03-1535-g00){#f1-ol-0-0-5639}

![Immunohistochemistry with anti-COX-2 antibodies. (A) Few COX-2-positive cells were noted in the control tissue section. (B) COX-2 overexpression was observed in homozygous mutant Smad3 mouse tissue. Positive cells are indicated by brown staining. Representative images from three replicate experiments are presented here. Magnification, ×20. COX-2, cyclooxygenase-2.](ol-13-03-1535-g01){#f2-ol-0-0-5639}

![Reverse transcription-polymerase chain reaction analysis. Overexpression profile of COX-2 with Smad3, P53 (along with the control β-actin) in the control and homozygous mutant Smad3 mice. Representative blots from three replicate experiments are presented here. COX-2, cyclooxygenase-2.](ol-13-03-1535-g02){#f3-ol-0-0-5639}
